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ABSTRACT 


Advances in airbreathing turbojet jet engines have dictated that bearing 
materials and lubricants operate at higher temperatures, higher speeds, and 
higher loads. Projections in the late 1950' s indicated that the trends in 
en^ne operating speeds would dictate ball and »*ol^er beanngs operating at 
speeds to three million DN and temperatures to 590 K (600 F). Helicopter 
transmission development in the 1960's suggested the need for tapered roller 
bearings to operate at speeds to two million DN. NASA research in collabora- 
tion with United States industry between 1960 and 1980 achieved these 
state-of-the-art advances. The NASA program was both experimental and 
analytic with the analytic effort verified by experiment. The reported work 
is a summary of aircraft engine and transmission rolling-element bearing state- 
of-the-art with emphasis on NASA contributions. 


INTRODUCTION 


Projections by the major United States aircraft turbine engine manufac- 
turers in the late 1950' s indicated that the trends in airbreathing turbojet 
engines would require ball and roller bearings to operate at speeds to 3 mil- 
lion DN (where DN equals the bearing bore in mi llimeters multiplied by the 
shaft speed in revolutions per minute) and temperatures to 590K voOO h). 
Helicopter transmission development in the 1960's sugested the need for 
tapered-roller bearings to operate at speeds to 2 million DN. 

Current production engine bearings operate at speeds less than 2.3 million 
DN and at temperatures generally less than 490 K (425 F). Because compressor 
or turbine blade tip speeds and disk burst strengths begin to limit the 
maximum speed wf rotating components, a bearing speed of 3 million DN is 
equivalent to the practical limit of aircraft engine operation. 


At high speed the effect of centrifugal loading of the rolling elements 
against the outer race of a bearing can become extremely life limiting. Theo- 
retical life calculations for a 150-mm-bore angular-contact ball bearing 
operating at 3 million DN (20 000 rpm) predict that this bearing has approxi- 
mately 20 percent AFBMA-calculated life (l).l This extremely short bear ng 
life is expressed both in actual running time (hr) and in total bearing inner- 
race revolutions. 


Another problem associated with operating bearings at high speed ]s the 
need to adequately cool the bearing components because of relatively high heat 


^Numbers in parenthesis refer to references at end of text. 


generation. One method used successfully to 3 million DN is to apply cooling 
lubricant under the race (2). Lubricant is centrifugally injected through the 
split inner race and shoulders of an angular-contact ball bearing through 
plurality of radial holes. As a result, both the cooling and lubricant 
function is accomplished. 

F.ecirculating jet lubrication is most commonly used on air-breathing 
turbcjet engines today. There have been many studies conducted to determine 
optimum lubricant jet arrangements - single, multiple, and multiple-opposed 
jets (3). 

Research (4) with 30-mm-bore ball bearings studied the effect of cage 
location as well as jet lubrication to speeds up to 3 million ON. Unless 
significant cooling was provided, bearing failure was due to overheating at 
high speeds. Bearing limiting speed was dependent on bearing design, jet 
arrangement, and oil flowLxate and velocity (4). 

Tapered-roller bearings are being used in some helicopter transmissions 
to carry combined radial, thrust, and moment loads and, in particular, those 
loads from bevel gears such as high-speed input pinions (5). Tapered-roller 
bearings have greater load capacity for a given envelope or for a given 
bearing weight than the combinations of ball and cylindrical roller bearings 
commonly used in this application. Speed limitations have restricted the use 
of tapered-roller bearings to lower speed applications relative to ball and 
cylindrical roller bearings. The speed of tapered-roller bearings is limited 
to approximately 0.5 million DN (a cone-rib tangential velocity of approxi- 
mately 36 m/s (7000 ft/min)) unless special attention is given to lubricating 
and designing the cone-rib/roller-large-end contact. At fJigher speeds centri- 
fugal effects starve this critical contact of lubricant (5,6). 

In 1959 NASA began a research program to encompass these projected temp- 
erature and speed requirements for large-bore ball and roller bearings. In 
the 1970 's NASA expanded its program to encompass tapered-roller, and small- 
bore ball and roller bearings. The reported work is a summary of aircraft 
engine and transmission rolling-element bearing state-of-the-art with emphasis 
on NASA contributions. 


MATERIAL AND LUBRICANTS 
Lubricant Selection 

The criteria for a liquid lubricant to function in a rolling-element 
bearing are that (a) it be thermally and oxidatively stable at the maximum 
bearing operating temperature and (b) it form an elastohydrodynamic (EHD) 
film between the rolling surfaces. The EilD film, which is generally dependent 
on lubricant base stock and viscosity, is 0.1 to 2.5 urn (5 to 100 win) thick 
at high temperatures (7). When a sufficiently thick EHD film is present, 
rolling-element bearings will not usually fail from surface distress. Instead, 
they fail from rolling-element fatigue which usually manifests itself, in the 
early stages, as a shallow spall with a diameter about the same as the contact 
width. A typical fatigue spall of a bearing inner race is shown in figure 1. 
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A requirement for long-term high temperature bearing operation that.the^ 




EHD film thickness, h, divided by the composite surface roughness, /o^ 

equal 1-1/2 or greater, where oj and o? are the surface finished of 
the raceway and rolling elements, respectively (7). The EHD film thickness is 
a function of several lubricant and bearing operating variables (B). However, 
as a general rule, the minimum viscosity required of a lubricant is 1 
centistoke at operating temperature (9). This same research indicated that 
the ester based lubrican i (table 1) meeting the United States military 
specification MIL-L-23699 could provide the necessary lubrication requirements 
to 490 K (425* F) in an air environment. While other base stock lubricants 
could give staisfactory operation to 590 K (600* F) (9), they were precluded 
from further consideration because of their cost and/or commercial ^ 
availability. Further, at temperatures above approximately 500 K (450* F) a 
low oxygen environment would be required to minimize lubricant oxidation for 
most of the lubricant types studied (9, 10). 


Material Selection 


Numerous studies have been performed to determine the rolling-element 
fatigue lives of various bearing materials (11-21), However, none maintained 
the required close control of operating and processing variables such as 
material hardness, melting technique, and lubricant type and batch for a com- 
pletely unbiased material comparison. The more standard mechanical tests such 
as tension and compression tests or rotating beam tests are not correlatable 
with rolling-element fatigue results (16). 

Rolling-element fatigue tests were run with 12.7-mm (1/2-in) diameter 
balls of eight through-hardened bearing materials at 340 K (150* F) (22-24) in 
the NASA five-ball fatigue tester. These materials were comsumabl e-elec- 
trode vacuum melted (CVM) AISI 52100, M-1, M-2, M-10, M-42 (similar to WB-49), 
M-50, T-1 and Halmo. Care was taken to hold constant all variables known to 
affect rolling-element fatigue life. The longest lives at 340 K (150* F) were 
obtained with AISI 52100. The ten-percent lives of the other materials ranged 
from 7 to 78 percent of that obtained with AISI 52100. A trend is indicated 
toward decreased rolling-element fatigue life with increased total weight 
percent of alloying elements (figure 2). 

Based on these data, 120-mm-bore angular-contact ball bearing life tests 
were conducted at 590 K (600* F). The bearings were manufactured from CVM 
AISI M-50, CVM AISI M-1, and CVM WB-49. Test conditions included an outer-race 
temperature of 590 K (600* F), a low-oxygen environment, a synthetic 
paraffinic oil with jet lubrication and a shaft speed of 12 000 rpm or 1.44 
million DN. The results of these tests are shown in figure 3. These full- 
scale bearing tests correlated with the rig results. 

A commonly accepted minimum hardness for rolling-element bearing 
components is 58 Rockwell C. At a hardness below this value brinelling of the 
bearing races can occur at stress levels normally experienced. Bearing life 
is also a function of material hardness (16, 17, 25-27). Since hardness 
decreases with temperature, conventional bearing materials such as AISI 52100, 
can be used only to temperatures of about 450 K (350* F). The M-series steels 
such as AISI M-50 can retain a minimum hardness of Rockwell C58 to 
approximately 645 K (700* F) (28-30). Because of its life potential and 
hardness retention, the AISI M-50 material is the choice material for ball and 


3 


roller bearings for aircraft application (table 2). To assure acceptable 
hardness at operating temperature, a room temperature Rockewell C hardness of 
62 to 63 is specified. 

Advanced helicopter transmissions require higher speed capability for 
tapered-roller bearings as well as higher temperature capability (31) than the 
conventional carburizing steels generally used for these bearings. The use of 
case hardened materials is desired where fracture of the bearing ring may be a 
mode of failure. Several carburized and other surface hardened steels have 
been developed for higher temperature use, primarily through the addition of 
alloying elements such as Cr and Mo. CBS-IOOOM, for example, has been 
developed for continuous service up to 590 K (600* F) (table 2). These 
materials have generally shown rolling-element fatigue lives comparable to 
AISI M-50 (31-33). The inherent problem with these materials is carburization 
and heat treatment quality control to assure the proper metallurgical 
structures required for rolling-element bearings. 

Melting Techniques 

One cause of rolling-element fatigue is nonmetallic inclusions (34-36), 
such as sulfides, aluminates, silicates, and globular oxides. These inclusions 
may act as stress raisers similar to notches in tension and compression 
specimens or in rotating beam specimens. Cracks emanate from these inclusions 
(figure 4), enlarge, and propagate under repeated stresses, forming a network 
of cracks which, in turn, form into a fatigue spall or pit (figure 1). 

Rolling-element reliability and load capacity increases significantly 
when nonmetallic inclusions, entrapped gases, and trace elements are eliminated 
or reduced. Improvements in steel making processing, namely melting in a 
vacuum, can achieve this. 

Vacuum induction melting (VIM) is the term applied to a process in which 
a cold charge is melted in an induction furnace and subsequently poured into 
ingots, the whole operation being performed while the melt is exposed to 
vacuum. The drawback of this process is a wide variation in quality. 

A more improved method of making bearing steel is consumable electrode 
vacuum melting (CVM), or vacuum arc remelting. In this process electrodes 
made from a primary air-melted heat are remelted by an electric arc process. 

The product thus remelted is solidified in a water-cooled copper mold under 
vacuum. Under these solidification conditions a much more consistently clean 
high-quality steel (37) is produced. 

Double vacuum-melted (VIM-VAR) AISI M-50 steel combines the above process 
and is now commercially available. Material thus processsed is first 
vacuum- induct ion melted^ (VIM) and subsequently vacuum-arc remelted (VAR). 

Tests run at 490 K (425* F) with 120-mm-bore angular-contact ball bearings 
made from VIM-VAR AISI M-50 steel produced fatigue lives approximately seven 
times that achieved by normally processed CVM AISI M-50 steel (38). 


LUBRICATION METHODS 
Jet Lubrication 

For aircraft ef’Qine and transmissions, whe^^ S^both lubricate 

r;. ?S"‘oft:ran; f.ort:a ,-e.UU vicinity 

IJrall very Important tor satisfactory operation. 

The placement of Jets should “';*^J^“3“f,?^„"^5"fort\a7ieirin9 
ability of the bearings, Jo? w bearing. Centrifugal forces aid 

1^ ‘l^lnr^he o1l“th?S29h thi ‘bS?in9 to cool and lubricate the elements (39). 

D1rectin9 Jets In the radial fpe between the^races^and^the^^ 
beneficial. Tbe desl9n ‘j! ‘Sref qreatll affects the hl9h-speed Petfor- 
:lnce"^ ?Se‘SagrS« b«n“U?«u;%h? flrs^ ele^nt to fall In a high-speed 
bearing with improper lubrication. 

It has been shown (4) t|;f ^“^S.jr^raveng^Jg^r'thrfubJtrart: 3e“’* ^ 

?MinnL^bri:«eUf 1y " 

3 million DN. For large (^^O-mm-bore) ball b^ bearings, 

million DN are to 1.8 million DN (6), although 

^®^^h^lib?i^nt''flo^ra?^of 0^ (4 gpm) and a relatively low 

^llfnlef Umperatlre S? 35°0 K (170- F) were required. 

Under-Race Lubrication 

A „ore effective and efficient "“"J^f^^J^'.niriSbH^lirntanrto 
bearings is under-race ^ g contact as the lubricant is 

adequately cool and lubricate g^ely increased flow rates add to heat 

thrown centrifuga ly outward. Unfjrtuoate^y. ^ 

generated from oil churning. ^ollerbea^ shown in figure 6. 

turbofan engines for ball and ^ 

^tHjoigra j^uJl^ttrof'oUt in the race to ^o, and >f;Jtf?„J'’^„^„-""only 

arih»n'1“?l9“e "6Ur°ISiHough not s^own In the figure, some racial holes 
Tay Srused to supply lubricant to the crge side lands. 

This lubricting t«thn1que has been thoroughly totted for 
and roller bearings up to 3 million ON (2, 44).^^uata^ 

lubricated and jet lubricated hearing jg^-race cooling. However, 

^ortll^a^rcl^tlSrS-ra^^rh^a^irfnsrg^Jf^fant effect on the inner-race 
temperature (44). 

condlIi™r?Srunr"ra« (:?Hca(i5’b;a?lnrSar?LS J^ipefftS^rthan the 
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dual-orifice jet lubricated bearings. At 12 000 rpm (1.44 million ON) the 
temperature difference was approximately 22 K (40* F) and at 16 700 rpm (2 
million DN), approximately 44 K (80* F). Beyond 2 million DN the bearing 
temperature with under-race lubrication increases only nominally, while the 
temperature of the jet lubricated bearings increases at an accelerated rate. 
Hence, proper thermal management using jet lubrication was not achievable in 
these tests at the higher speeds. From the above it was concluded that under- 
race lubrication results in lower operating temperatures. 

The data of figure 7(b) compare power loss for the two different 
lubrication systems. As was reported in (41, 44) power loss is a function of 
the amount of lubricant penetrating the bearing cavity. This is due to 
viscous drag and lubricant churning (45). From figure 7(b) the power loss 
with under-race lubricated bearings is higher than with the jet lubricated 
bearings. At 12 000 rpm (1.44 million DN) the under-race lubricated bearing 
power loss was approximately 1 kW (1.2 hp) greater than the jet lubricated 
bearings. At 16 700 rpm (2 million DN), the difference was approxiately 2.3 
kW (3.1 hp). The power loss with the under-race lubricated bearing with a flow 
rate of 4920 cm^/min (1.3 gal /min) was equivalent to a jet lubricated flow 
rate of approximately 6812 cm^/min (1.8 gal /min). If bearing power loss is 
a function of lubricant flowing through or in the bearing cavity, then it can 
be reasonably concluded that, for a given jet lubricant flow, approximately 70 
percent of the lubricant penetrates the bearing cavity at speeds to at least 2 
million DN. At higher speeds this percentage probably decreases due to 
centrifugal force and windage effects. 

Applying under-race lubrication to small bore bearings (40-mm bore) is 
more difficult because of limited space available for grooves and radial 
holes, the means of getting the lubricant under the race. For a given DN 
value, centrifugal effects are more severe with small bearings since 
centrifugal forces vary with DN^. Heat generated per unit of surface area 
is much higher and heat removal is more difficult. 

Although reference (4) reports that operations to 3 million DN can be 
successfully achieved with small-bore bearings with jet lubrication, further 
advantage may be attained if under-race lubrication can be used. Figure 8 
shows significantly cooler inner-race temperatures with 35-mm (1.32780-in) 
bore ball bearings with under-race lubrication at speeds up to 72 000 rpm (2.5 
million DN) (46). 

Tapered roller bearings have been restricted to lower speed applications 
than have ball and cylindrical roller bearings. The speed limitation is 
primarily due to the cone-rib/roller-end contact which requires very careful 
lubrication and cooling consideration at higher speeds. The speed of 
tapered-roller bearings is limited to approximately 0.5 million DN (a cone-rib 
tangential velocity of approximately 36 m/sec (700 ft/min)) unless special 
attention is given to lubricating and designing this cone-rib/roller-end 
contact. At higher speeds centrifugal effects starve this critical contact of 
lubricant. 

The technique of under-race lubrication has been applied to tapered-roller 
bearings to lubricate and cool the critical cone-rib/roller-end contact. As 
described in (4/), 88.9-mm (3.5-in) bore tapered roller bearings were run 
under combined radial and thrust loads to 1.42 million DN with cone-rib 
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lubrication (the term used to denote under-race lubrication in tapered-roller 
bearings). 

A comparison of cone-rib lubrication and jet lubrication was reported in 
(6) for 120.65-mm (4.75-in) bore tapered-roller bearings under combined radial 
and thrust loads. These bearings were standard catalog bearing design except 
for the large end of the roller, which was made spherical for a more favorable 
contact with the cone-rib. Those bearings that used cone-rib nation also 
had holes drilled through from a manifold in the cone bore to the undercut at 
the large end of the cone (figure 9). The results of 
cant advantages of cone-rib lubrication (figure 10). At 15 000 rpm (1.8 
million ON) the bearing with cone-rib lubrication had a cone face temperature 
34 K (62* F) lower than one with jet lubrication. Furthermore, (6) shows that 
the tapered-roller bearing would operate at 15 000 rpm with cone-rib 
lubrication at less than half the flow rate required for jet lubrication at 

that speed. 

Further work has shown successful operation with ]®^ 9 e-bore tapered-roller 
bearings at even higher speeds. Long-term operation ' 

bore tapered roller bearings under pure thrust load to 3 million ON with a 
combination of cone-rib lubriction and jet lubrication was * 

Successful operation of optimized design 120.65-mm (4.75-in) ^ore tapered- 
roller bearings under combined radial and thrust load with under-race 
lubrication to both large (cone-rib) and small ends to speeds up to 2.4 
million DN was reported in (49, 50). 

The use of outer-race cooling can be used to reduce the outer-race 
temperature to levels at or near the inner-race temperature. This would 
further add to the speed capability of under-race lubricated bearings and 
avoid large differentials in bearing temperatures that could cause excessive 
internal clearance. 

The effeLu of outer-race cooling with 35-nwi-bore ball bearings (46) is 
shown in figure 11. Outer-race cooling significantly decreased outer-race 
temperatures. In the case of tapered roller bearings, the cup outer-surface 
temperature is decreased relative to the cone bore temperature with cup 
cooling (50). 

The use of under-race lubrication in all the previous work referenced 
includes the use of holes through the rotating inner race. It must be 
recognized that these holes weaken the inner-race structure and could increase 
to the possibility of inner race fracture at extremely high speeds when using 
through hardened seals. Additional studies are required in the area of inner- 
race fracture. 


COMPUTER DESIGN 

There are currently several comprehensive computer programs that are 
capable of predicting rolling-element bearing operating and performance 
characteristics. These programs generally accept input data of bearing 
internal geometry (such as sizes, clearance, and contact angles), bearing 
material and lubricant properties, and bearing operating conditions 
speed, and ambient temperature). The programs then solve several sets ot 


equations that characterize rolling-element bearings. The output produced 
typically consists of rolling-element loads and Hertz stresses, operating 
contact angles, component speeds, heat generation, local temperatures, bearing 
fatigue life, and power loss. 

Using the results of the calculations made by the computer program first 
described In (51) and subsequently updated by (52), 120-mm-bore angular- 
contact ball bearings capable of operating to 3 million DN were designed. 

This program Is referred to as COMB. 

To effect a direct comparison of predicted and experimental bearing 
performance, the computer program was run at the stated operating conditions 
of the bearings tested in (40). Later, comparisons were made with the experi- 
mental results using the different and somewhat more comprehensive bearing- 
shaft computer program SHABERTH described In (53). The effect of operating 
conditions on Inner- and outer-race temperatures were made as well as deter- 
mining power loss (54). 

Representative calculations compared with experimental results are shown 
in figure 12. In general, the COMB program predicted bearing race temperatures 
reasonably well at low speeds. However, this program underestimated bearing 
power loss by a factor of 2. The SHABERTH program predicted temperatures and 
power losses reasonably well at the higher speeds. 

A computer program, referrad to as CYBEAN has been developed for analyzing 
high-speed cylindrical roller bearings (55-57). The program Is capable of 
calculating the thermal and kinematic performance of the bearing, including 
roller skew predictions for misaligned conditions. The high-speed 118-mm-bore 
roller beering results reported in (43) were compared to computer predictions 
(58). A coimarlson of bearing temperature and poiver loss as a function of 
speed Is shown In figure 13. The analysis can predict outer— race temperatures 
and the amount of heat transferred to the lubricant reasonably well. At the 
higher shaft speeds, the calculated Inner-race temperatures were much lower 
than the corresponding experimental data. The program did not predict the 
high cage slip experimentally obtained with a roller bearing at low shaft 
speed. 

The design of 120.65-mm (4.75-1n) bore tapered roller bearings were 
computer optimized for high-speed operation. The computer program used is 
referenced to as TAROBE (59). The program SHABERTH (53), developed al^ter 
TAROBE, can also be used to design and analyze tapered roller bearings. The 
optimized bearing was experimentally evaluated at speeds to 20 000 rpm. 
Temperature distribution and bearing heat generation were determined as a 
function of shaft speed, radial and thrust loads, lubricant flow rates, and 
lubricant inlet temperature. The high-speed design tapered roller bearing 
operated successfully at shaft speeds up to 20 000 rpm (2.4 million ON) under 
heavy thrust and radial loads. Comparisons of the cone face temperature and 
power loss of the high-speed design bearing and those of a modified standard 
bearing are shown in figure 14. The computer-designed bearing had lower 
temperatures and power losses than the standard bearing. 


8 


bearing life at high speed 

Ball bearings 

Two arouDS of the 120-mm-bore ball bearings were ^figue tested with a 

‘if 2 Hii““ ‘ " 

million ON) and a bearing thrust load of 22 200 n Ibouu loj. 

The test bearings (38) were ABEC-5 gr.ade, split Inner-race 

angular-contact ball bearings. The Inner vacuum-arc- 

balls. were manufactured from one heat of «cu^inouciion , 

curvatures of the bearing were 54 and 52 percent, respet.tiY j 
contact angle was 24 . 

The cage was a one-piece Vi^J"hardness'"ran^^^ 

The cage was balanced within 3 g-cm (0.042 oz in.j. 

All components with the exception of the cage were^ 

Srarrn”s(l!°e!:nhe^rai;fa^dn;^^^^^^^^^ 

of zero (27). Surface .... . 5_»cm (2-pin.) AA maximum surface 

inner and outer raceways were held to a D-pcm pm./ 

finish (38). 

ThA fatioue life results of these tests were shown in figure 15. The 

experimental 10-percent life «f the bearing ’* 2^*10 /if^wUhout any life 
revolutions at 3 '"tl"oh “N;^ The predicted lO^perce^ 

adjustment factors was 21x10 , ear nreviously obtained with the CVM 

10-percent life* based on f f II 1.44 million DN was 
AISI M-50 120-mm-bore a<i9ular-contact ball bear g 

approximately ^05x10 inner-race revol^ hours^were accumulated respectively 
million DN, 34 483 and 74 800 ^^^p^oved bearing 

i?n\y^rnao?^frro:SirT‘o5ei^l^igre\“ i-ted^CVN) A.SI N-80. 

Metal lurgical analysl t ^ In 

failures were o?^^ is formld. The spall acts as a 

this failure mode a °^4sencrof highir hoop stresses, at higher speeds 

stress raiser which in tne presenLc ui y Hence, race 

such as 3 million DN, can ^®^^® ^ ,® I’^slJ^ious problem. Its solution must 
fracture at very high speeds can be . . . •. P materials development, 

lSd"’^rt?rv?nr?Se“fra2fu?rrt?e:ftl:“2?'?S^ St-tpeed steels (38). 
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Tapered-Roller Bearings 


Endurance life tests were run with the standard design and the optimized 
bearings at speeds of 12 bUO and 18 bUO rpm (l.b and 2.2 
million ON), respectively (60). The bearing geometry and specifications are 

rR< innL^^V:- ^^sign bearings of vacuum melted (CVM) AISI 

bearings of CVM CBS-IOOOM and through- 
hardened VIM-VAR AISI M-bO were run under heavy combined radial and thrust 
load until fatigue failure or until a preset cutoff time of 1100 hr was 
reached. The standard design bearings made fran CBS-IOOOM ran to 

times predicted life. Twelve identical bearings of AISI 
4320 material ran to 10 times the predicted life without failure. Crackinq 
of the cones of AISI M-bO high-speed design bearings occurred at 
ib bOO rpm due to high tensile hoop stresses. Four CVM CBS-IOOOM high-speed 
design bearings ran to 24 times rated catalog life without any spalling 
cracking or fracture failure (60). ^ 


SUMMARY 


In 1969 NASA began a research program to encompass the projected 

requirements for large-bore ball and roller bearings. 
In the 1970 s NASA expanded its program to encompass tapered-roller and 
small-bore and roller bearings. The following results were obtained: 


1. High bearing speeds to 3 million DN and 2.4 million ON for ball and 
tapered-roller bearings, respectively, were achieved with fatigue life 
exceeding that which was common in commercial aircraft. 


2. Computer analysis of rolling-element bearing operation gave 
reasonably accurate performance prediction to 3 million UN. 


3. Under-race bearing lubrication improved bearing opration 
conventional jet lubrication methods at high bearing speeds. 


over more 


Tx ^5® oouble vacuum melted (VIM-VAR) AISI M-50 improved bearing 

iite by a factor of approximately 7 over single vacuum-melted (CVM) AISI M-bO. 

5. Tapered-roller bearings made from CBS-IOOOM material gave lives 
approximately 24 times predicted life at 2.4 million DN. 


6. Lubricants meeting U.S. military MIL-L-23699 specification provided 

I? bearings oprating to temperatures of 490 

K (426 F) and speeds to 3 million ON. 
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TABLE 1. - PROPERTIES OF TETRAESTER LUBRICANT 


Additives 


kinematic viscosity, cS, at - 
311 K (100“ F) 

372 K (210“ F) 

477 K (400“ F) 

Flash point, K (“F) 

Autoignition temperature, K (“F) 
Pour point, K (*F) 

Volatility (6.5 hr at 477 K 
(400“ F)), wt. % 

Specific heat at 477 K (400* F), 
0/(kg)(K)(Btu/(lb)(“F)) 

Thermal conductivity at 477 K 
(400“ F). J/(mi(sec)(K) 
(Btu/(hr)(ft)(V)) 

Specific gravity at 477 K (400* F) 


Anti wear, 
oxidation 
inhibitor, 
anti foam 


28.5 
5.22 
1.31 
533 (500) 
694 (800) 
214 (-75) 

3.2 

2340 (0.54) 


0.13 (0.075) 
0.850 


TABLE 2. - CHEMICAL COMPOSITION OF THE TEST BEARING MATERIALS 


Alloying element, weight percent (bal. Fe) 


Mn 


Si 


Cr 


Ni 


Mo 


CBS lOOOM 
AISI M-50 


0.12/0.16 

0.80/0.85 


0.40/0.60 

0.15/0.35 


0.40/0.60 

0.10/0.25 


0.90/1.20 

4.00/4.25 


2.75/3.25 
0.10 max. 


4.75/5.25 

4.00/4.50 


0.25/0.50 

0.90/1.10 











TABLE 3. - TEST BEARING GEOMETRY 


Dimension 

Standard 

design 

Computer 

optimized 

design 

Cup half angle 

17* 

15* 53' 

Roller half angle 

1*35' 

1 35' 

Roller large end diameter, mm (in.) 

18.29 

18.29 

(0.720) 

(0.720) 

Number of rollers 

25 

23 

Total roller length, mm (in.) 

34.17 

34.18 

(1.3452) 

(1.3456) 

Pitch diameter, mm (in.) 

166.8 

155.1 


(6.569) 

(6.105) 

Bearing outside diameter, mm (in.) 

206.4 

190.5 

(8.125) 

(7.500) 

Roller crown radius, mm (in.) 

25.4x103 

25.4x103 

(1000) 

(1000) 

Roller spherical end radius, 
percent of apex length 

80 

80 


TABLE 4. - TEST BEARING SPECIFICATIONS 


Standard design 


Computer optimized design 


Case hardness, Rockwell C 

Core hardness, Rockwell C 

Case depth (to 0.5 percent 
carbon level after final 
grind), cm (in.), of - 
Cup and cone 

Roller 


Surface finish, urn 
(win.), rms, of - 
Cone raceway 
Cup raceway 
Cone rib 
Roller taper 
Roller spherical 


58 to 64 
25 to 48 


0.086 to 0.185 
(0.034 to 0.073) 
0.091 to 0.201 
(0.036 to 0.079) 


0.15 (6) 
.20 ( 8 ) 
.18 (7) 
.13 (5) 
.15 (6) 


58 to 64 
25 to 48 


0.061 to 0.185 
(0.024 to 0.073) 
0.091 to 0.201 
(0.036 to 0.079) 


0.10 (4) 
.10 (4) 
.15 (6) 
.05 (2) 
.08 (3) 
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Figure 3, - Effect of total weight percent of alloying elements on fatigue 
life of 120-mm bore bearings at 590 K (600° F). 



Figure 4. - Fatigue crack emanating from an inclusion. 
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Figure 7. - Bearing inner- race temperature and power loss with jet lub- 
rication as a function of speed for varying thrust loads and lubricant 
flow rates. Bearing type, 120- mm bore anguiar-contact ball bearing; 
lubricant jet, dual orifice; number of jets, 2 per bearing; oil inlet 
temperature, 395 K <250° F); contact angle, 20°. 
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(a) Inner race temperature. 

(b) Outer race temperature. 

(c) Bearing power loss. 

Figure 12. - Calculated and experimental val- 
ues of 120-nm-bore angular-contact ball 
bearing operating characteristics as a func- 
tion of shaft speed. Thrust load, 6672 new- 
tons (1500 lb); lubricant flow rate, 8.3x10'^ 
cubic meter per minute (2. 2gal/min); vol- 
ume of lubricant, 2. 0 percent 


Or.V.GiC‘.Ai. Vi -i i-J 

OF POOR QUALITY 


CALCULATED 

INNER RACE 

OUTER RACE 


A TEST 
CALCULATED 


30x10^ 


SHAFT SPEED, rpm 

(a) Race temperatures. 

(b) Heat transferred to lubricating oil. 

Figure 13. - Calculated and experimental values of 118-mm- 
bore cylindrical roller bearing operating characteristics 
as a function of shaft speed. Load, 8900 N (2000 lb); lub- 
ricant flow rate, 0.0057 cubic meter per minute (1. 5 gal/ 
min); lubricant volume, 2 percent. 
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Figure 15. - Endurance characteristics of 120-mm bore angular- 
contact ball bearings. Thrust load, 22240 N (5000 lb); tem- 
perature, 490 K (425° F); material, VIM- VAR AISI M-50 steel, 
lubricant, tetraester. 


